We present measurements on nanomechanical resonators operating in the radio frequency range. We apply a setup which allows the comparison of two schemes of displacement detection for mechanical resonators, namely conventional reflection measurements of a probing signal and direct detection by capacitive coupling via a gate electrode. For capacitive detection we employ an on-chip preamplifier, which enables direct measurements of the resonator's displacement. We observe that the mechanical quality factor of the resonator depends on the detection technique applied, which is verified in model calculations. We show first results on the detection of subharmonics.
Nano-electromechanical systems (NEMS) promise to be extremely fast and sensitive tools for sensor and communication technology and may also be regarded as 'quantum-mechanical' resonators when operated at several GHz and ultra low temperatures. Here, we want to present a detailed investigation of different detection schemes necessary to achieve sensitive displacement detection for NEMS. This is not only beneficial for communication electronics or scanning probe microscopy, but also for attaining a handle on quantum squeezing experiments with these mesoscopic mechanical systems [1] . First, we will describe fabrication of the nanomechanical devices, then the focus will be on conventional reflection measurements and a detailed comparison to direct displacement detection via an on-chip amplifier will be drawn. This scheme of detection is also suited for probing quadrature squeezed states [2] .
Finally, we present first results on the generation of higher harmonics in a simple beam resonator.
The different nanobridge resonators are machined out of freely suspended silicon beams, covered by a 50 nm and 100 nm thick metal layer. Close to these gating electrodes are placed, allowing capacitive excitation and detection. Scanning electron microscope (SEM) micrographs of this structures are shown in Fig. 1 . The details of the techniques used to fabricate the nanoscale devices are reported in preceding work in more detail [3] [4] [5] [6] .
The resonators can be driven in two different ways: One possibility is to use capacitive coupling of the electrodes to exert a periodic force upon the beam. The other, most common one, is to generate a Lorentz force by placing the structures in an external dc magnetic field and driving an alternating current along the length of the conducting metal on top of the beam. The conventional way of detecting the displacement of the oscillating motion is to take advantage of the amplitude dependent impedanceẐ res of the resonator. The total impedance of the beam resonator in a magnetic field B is given aŝ
where m ef f is the effective mass of the beam and the length of the beam l is connected via L = lπ/2, while A(ω) gives the absolute value of the dynamic susceptibility and φ the cor-responding phase. This can be simplified under a harmonic excitation at the eigenfrequency
where µ is the attenuation constant. Commonly the dc-resistance of the samples is of the order of 40 − 50 Ω. The change in impedance is detected by tracing the reflected power using a network analyzer (HP-8751A) in combination with a scattering parameter testset (see Fig. 1 ). Direct displacement detection is enabled by the aforementioned sidegates.
Amplification of the small voltage signal δC res ∝ δV res is desirable and therefore we use for this measurement an on-chip preamplifier (Fujitsu FHX35X). The transistor in general serves as an impedance converter. An aerial view of the setup and the amplifier is depicted in Fig. 1 . The magnetic field orientation was chosen to be parallel to the surface of the transistor. As seen the large input impedance has to be adjusted by placing in parallel a resistor of 10 MΩ, a capacitor on the supply line of 47 nF, and an additional resistor of 1.5 kΩ on the output. Clearly a limitation of this setup is given by the low gain and the still large input capacitance C in ≫ C res of the transistor. However, a gain increase can be achieved by adjusting the circuit components, while the input capacitance can easily be reduced by a further length reduction of the bond wire connecting the gate and the amplifier input port [7] .
A well defined quantity representing the sensitivity of mechanical cantilevers is typically given by the minimum detectable force. As shown by Stowe et al. [8] this force of rectangular cantilevers is limited by vibrational noise and given by
where κ is the spring constant of the beam or cantilever, w, t, l, are the width, thickness, and length of the beam and Q is the mechanical quality factor, being defined as Q = f 0 /δf 0 , where δf 0 denotes the width of the resonance peak. Similar equations are found for other types of micromechanical resonators. Obviously, the aim is to achieve a considerable size reduction of the structures leading to increased eigenfrequencies of the mechanical systems.
In Fig. 2 be noted that these are hybrid resonators, i.e. the combined elastic constants of Au and Si will determine the response.
The inset in Fig. 2 shows nonlinear effects [4] of m 2 , seen in a typical hysteresis. This structure also shows a quadratic dependence of the resonance frequency on the gate Voltage V g as expected by theory [4] . The capacitive coupling between gate electrode and the metalized resonator is estimated to be 200 aF [9] , which translates, at an excitation power of 42 dBm, into a force sensitivity of only 9.4 × 10 −14 N/ √ Hz. Using this setup as an electrometer yields a charge sensitivity of 1.3 × 10 −3 e/ √ Hz, which is three orders of magnitude better than previously measured [10] . Since the network analyzer records amplitude and phase of the reflected signal it is possible to implement a more sensitive lock-in technique for detection [6] .
The result when using capacitive detection to probe the resonances of m 2 is depicted in Fig. 3 : In this measurement we observed an enhanced quality factor for m 2 of Q ∼ 4150.
This value is increased by a factor of 1.52 as compared to the value measured by the standard detection technique. The induced voltage over the beam due to its motion in the magnetic field can be written as
where ǫ denotes a factor dependent on the excited mode and A the amplitude of the oscillation. This approach is justified, if a periodic motion at frequency ω is assumed. In order to derive a similar equation for the case of capacitive detection it is of advantage to use an expansion to the second order of the capacitance between the detection gate and the
where C(A) denotes the dependence of the capacitance on the displacement of the beam perpendicular to the sample's surface. In equilibrium the beam is in a state of minimum electrostatic energy, the first derivative of C(A) with respect to the amplitude A has to
Henceforth the induced voltage can be written, using Eq. [5] and Eq. [6] , as
where C ′′ 0 denotes the second derivative of the capacitance with respect to the amplitude, taken at zero amplitude. A(ω) is assumed to have a Lorentzian shape
The different functional forms of Eq. [4] , namely ωA(ω), and of Eq. [7] , A 2 (ω), result in two observable phenomena.
1. The peaks, corresponding to capacitive respectively reflected power detection, are
shifted by an amount of
whereby the maximum is situated at ω 0 when detecting the reflected power.
2. As Eq. [7] depends on A(ω) 2 the width of the resonance should be reduced when using capacitive detection. This results in an enhanced quality factor, depending on µ and ω.
The ratio of the quality factors can be calculated by evaluating the full width at half maximum positions of Eq. [4] resp. Eq. [7] and taking into account that in the experiment the power is measured and not a voltage. This ratio Λ is a function of the resonance frequency ω 0 and of the effective attenuation constant µ. Using the experimentally specified value of µ = 94.2 × 10 3 s −1 , we obtain a ratio of Λ = 1.55, which agrees very well with the measured value of 1.52. The shift of the resonance calculated from Eq. [9] of about 10 kHz is one order of magnitude too small compared to the experimental result, but reproduces the measured shift to lower frequencies observed in the experiment. We find that capacitive detection probes larger Q-values of the base frequency by a factor of ∼ √ 2. It should be possible to further increase the sensitivity by probing higher harmonics of the mechanical motion.
Although, it is easy to calculate resonance frequencies by finite element methods (FEM), there has been no observation of several modes for a single beam resonator so far. In Fig. 3 we present measurements on a third beam with slightly modified dimensions revealing two resonance peaks. The measured spectrum in Fig. 4 shows two resonances at 26.9 MHz and 35.5 MHz. Using FEM [11] we can assign the resonance at ω 0 = 35.6 MHz to the first eigenmode of the beam, which is also depicted in the inset of 
